The Transiting Exoplanet Survey Satellite (TESS) will carry four visible waveband seven-element refractive f/1.4 lenses, each with a 34 degree diagonal field of view. This paper describes the tolerancing, assembly and alignment methods developed during the build of the TESS Risk Reduction Unit optical system. Lens assembly tolerances were derived from a sensitivity analysis using an image quality metric customized for mission performance. The optomechanical design consists of a two-stage lens housing that provides access for active alignment of each lens using a Trioptics OptiCentric measurement system. Thermal stresses and alignment shifts are mitigated by mounting the optics with cast RTV silicone spacers into individually aligned bezels, and custom fixtures were developed to aid in RTV bonding with reduced alignment error. The lens assembly was tested interferometrically over the field of view at room temperature and results were used to successfully predict lens performance and compensator adjustments and detector shim thickness for the -75C operational temperature and pressure.
INTRODUCTION
The Transiting Exoplanet Survey Satellite (TESS) is a NASA Explorer mission to search for planets transiting bright and nearby stars, and is scheduled for launch in December 2017. The science details of this mission are given in a paper 1 by the principal investigator George Ricker of the MIT Kavli Institute. The mission and overall satellite information are described thoroughly on NASA's TESS website 2 .
The TESS instrument implements four cameras of the same optical design, arranged so that their individual 24°x 24° fields of view sum to cover a 24°x 90° field of regard. The cameras operate at a cryogenic temperature of -75°C for optimized performance of the 16.8 megapixel CCDs on each lens assembly. Each lens assembly consists of seven lenses bonded in aluminum bezels. The bezels are aligned and fastened to an aluminum housing barrel, with aluminum shims located between the bezel and housing to aid in alignment.
The lens assembly, alignment and room-temperature testing takes place at MIT Lincoln Laboratory. The room temperature data is used to predict on-orbit performance before the assembly is delivered to the MIT Kavli Institute for cryogenic acceptance testing. This paper will cover the assembly, integration and test (AI&T) of the TESS lens assembly at MIT Lincoln Laboratory. Specific results and lessons learned from the AI&T of the Risk Reduction Unit will be shown, which were used to finalize processes and procedures for the flight builds, which are currently underway at the publication of this paper. Figure 1 shows a schematic of the optical design along with some key performance metrics. The optical design has previously been thoroughly described by Chrisp 3 and consists of seven lenses, two of which have an aspheric surface. The lens system operates at f/1.4 with a 105mm entrance pupil diameter, and covers a field of view of 24° square. The system is designed for wavelengths between 600-1000nm, for both peak output of target stars and efficiency with a silicon CCD. 
LENS BARREL ASSEMBLY

Opto-mechanical design
Tolerances
The fabrication and alignment tolerances for the TESS lens assembly are given in Table 1 . The tolerances for the lens assembly were analyzed using the TOLDIF routine in CODE V 6 . A macro was written to calculate the BPFF in a 15 micron pixel over the full field of view, which was used as the figure of merit to optimize compensator motions and predict final system performance. An 84% probability was used to predict performance, which is reasonable since this system is not a high volume production and there is opportunity to optimize for as-fabricated performance throughout the build. These tolerances have proven reasonable for fabrication and the lens that has been assembled. The compensators used are decentration and spacing of the first lens together with refocus of the detector. Fabrication and alignment tolerances were set to allow conventional polishing on the spherical and plano surfaces. It was assumed that magnetrorheological finishing (MRF) would be implemented on the aspheres since the materials cannot be diamond turned. The fabrication tolerance for wedge and thickness on the two aspheric lenses are relaxed compared to the all-spherical lenses in order to provide margin during the advanced polishing process.
While the glass specified for the TESS program comes from the Ohara "fine-annealed" grade, tighter tolerances are used for refractive index and Abbe number since the exact melt data is known. Once the melt data is provided by the lens manufacturer, the lens radii are recalculated based on the actual glass melt indices. The tolerances listed account for measurement uncertainty in refractive index and dispersion, along with uncertainty in the cryogenic temperature index shift calculated using CHARMS data, as described by Chrisp
The aspheric surfaces were toleranced by adding a sinusoidal ripple with varying amplitude and period to the surface and evaluating the image quality effects. A maximum allowable peak-to-valley figure area over a local zone was determined by this analysis. The resulting specifications are that the surfaces shall have less than 0.07 microns over any 14 mm diameter for the first aspheric surface, and less than 0.05 microns over any 17 mm diameter for the second aspheric surface. These amplitudes and frequencies reasonably simulate subaperture figuring methods appropriate for the aspheres, such as MRF.
Given a fairly aggressive schedule for assembly, integration and test of all of the lens barrels (qualification, flight and spares), the desired alignment tolerances would allow rapid alignment on a Trioptics OptiCentric system with minimal need to machine or lap adjustment shims. Alignment tolerances for radial decenter, axial position and tilt were set as follows:
It was determined that a lens could be easily centered using push-pull fine-pitch nudgers integrated into the lens barrel housing to within 20 microns. The bezels, shims and barrel pads were toleranced so that the bezels can be adjusted without changing the tilt or axial position of the lens. In this manner, the tilt and axial positions are first aligned, after which the bezels are optically centered and torqued.
The axial position tolerance sets the air-gaps between lenses, and was set to be less than 35 microns. This distance corresponds to the lens position with respect to a global coordinate, rather than relative to an adjacent lens. Specifically, each lens axial position is measured with respect to Lens #7, since that lens is the first installed during the alignment process and therefore provides a straight-forward reference for the remainder of the system alignment (refer to Section 3.3). The barrel housing, bezels, shims and lenses are mechanically toleranced to provide a high probability that the axial positions will meet the specification. In the case that adjustment is required, shim packs are fabricated in a range of thicknesses above and below nominal in increments of 25 microns (0.001").
The tilt is toleranced to be less than 0.4 arc-minutes, which is achieved through mechanical tolerances of the barrel, shims and housing. The critical surfaces in achieving this tolerance are the mounting pads for each lens in the lens barrel housing. These surfaces are diamond turned to achieve flatness and parallelism between each pad. Again, in the case that the tilt is not achieved mechanically, the shims are lapped to meet alignment tolerances.
Allowable compensators during the alignment and test of the lens assembly are the position of Lens 1 (radial decenter, axial position) and the axial position of the focal plane. Adjustments of the compensators will be determined after room temperature interferometric testing over the field of view. 
Lens Fabrication and As-Built Compensation
Fabrication tolerances were kept at reasonable level and thus each lens had some mechanical variability from nominal. To achieve maximum BPFF performance the axial placement of each lens was re-optimized for its individual asfabricated data. A unique assembly prescription was created for the RRU and will be created for each one of the four flight TESS lens assemblies.
As previously discussed, the lens spacings are optimized for the glass melt data provided by the lens vendor. The CHARMS data with refractive index at -75ºC is also used, as follows. First, the initial lens design with the Ohara glass catalog at 20ºC is loaded in CODE V. A private glass catalog with the CHARMS data at -75ºC is inserted in the model, and a zoom position for the lens at the operational temperature is created using cryogenic CTE and refractive index values. Next, the radii and aspheric coefficients for cold performance are optimized while holding the lens center thicknesses and other design constraints constant. Once the final design is optimized for -75ºC, the coupled roomtemperature radii and aspheric coefficients are determined for fabrication drawings and predicted warm temperature performance is evaluated.
Lens Bonding and Thermal Cycling
Individual lenses are bonded into individual bezels using silicone RTV-566 pads. The bezels allow for precise alignment of each lens whereas the RTV-566 is used to mitigate stresses on the optical elements from both temperature and vibration. Custom fixturing was developed to precisely bond the optical elements into their respective bezels. The bonding process can be broken down into four steps, (1) fabrication of RTV-566 pads, (2) bonding pads to lenses, (3) bonding lenses into bezels and (4) thermal cycling, as shown in Figure 5 .
Lens Alignment
The TESS lens assemblies are aligned using a Trioptics OptiCentric alignment station shown in Figure 6 . The assembly tolerances are well within the capabilities of the alignment station. The TESS lens assembly starts with lens element number 7. The plano concave shape of this lens allows for a convenient reference point for both mechanical and optical alignment. There are a few areas on the barrel assembly that are tightly toleranced such as mating flanges, lens landings and inner diameter of the barrel. These surfaces are mechanically measured using gauge heads and are aligned to Lens #7. A simplified animation optical alignment on the Trioptics system can be found by following the Figure 6 caption link.
After alignment the full lens assembly is tested interferometrically at ambient temperature.
(1) Fabrication of RTV-566 Pads. Pads are cast into a large sheet and cut out to a precise size.
(2) Cut pads are held in a fixture unique to each lens. The lens is primed and pads are bonded using an additional thin layer of RTV-566.
(3) Lenses are bonded into a bezel. Each lens is designed with a reference surface which is used to ensure co-planarity with the bezel. Gauge heads are used to reference the centration of the lens within the bezel.
(4) Lenses in their bezels are thermal cycled allowing the assemblies to relax and settle, reducing the risk of movement during operational temperatures. 
Room Temperature Testing
Testing of the full camera assembly at cryogenic temperatures is both costly and time consuming. To mitigate time spent at cryogenic temperatures, the camera assembly is tested interferometrically at ambient temperatures. A double pass configuration is setup and data collected across a limited field of view. To keep the alignment . i straightforward a faster F/0.7 objective is used to capture the full cone angle over a limited number of field points. This eliminates the need to pivot the interferometer. By rotating the lens assembly by 90 degrees both X and Y field points can be collected. Throughout the testing process various dial indicators attached to the interferometer stage track the physical positons of each testing location. Additionally by using the Lens #7 plano surface as a reference the best focus location can be determined.
After a full data set is obtained, the interferometric data is compared with performance predictions at room temperature and Lens #1 is evaluated for movement. The Risk Reduction Unit was successfully aligned off of the Trioptics station and did not need any Lens #1 compensation. Table 2 shows the as-built fabrication and alignment values of the RRU. Additionally these predictions were used to calculate the appropriate thickness shim between the assembly and detector for proper focus. 
Cold Shim Calculation
The room temperature interferometry data across the field of view and through focus is used to determine where the optimized focal plane for cryogenic performance is located. The interferometric data is loaded into the CODE V alignment tool, which is used to optimize the focus position for the -75ºC coupled lens design. During the interferometry, the focus position is measured with respect to the aft mounting flange of the lens assembly housing. With the optimized focus position known with respect to the mounting flange, mechanical inspection data of the housing and detector assembly are used to determine the thickness and wedge angle of the cold-shim to properly position the focal plane for on-orbit performance.
RRU ALIGNMENT AND TEST RESULTS
An early stage of the TESS program was to build a pathfinder Risk Reduction Unit (RRU). A major goal of this phase was to develop and refine the processes and procedures for fabrication, assembly, integration and test of the lens assembly. The lens assembly was aligned and tested using the methods previously described. Table 2 shows the as-built fabrication and alignment results for the lens assembly.
Lens fabrication results (power, irregularity, wedge and thickness) were provided by the vendor, and verified either during source inspection or additional testing at MIT Lincoln Laboratory. The alignment results (axial position, radial decenter and tilt) were measured using the Trioptics OptiCentric system. Since the OptiCentric system measures displacement of each surface of a lens relative to a rotational reference, both the decenter and tilt of the lenses are determined. Note that tolerances for refractive index and Abbe number are not listed since the melt data was used to recalculate lens radii for the exact glass blanks used. The as-built alignment data above shows that the tolerances are well within the fabrication and alignment process capabilities. The lens fabrication results easily met the specifications. While not shown in the table, the aspheric figure error met the subaperture surface slope requirements, as well. The alignment results were achieved with reasonable alignment time and effort. A lens element was typically aligned, torqued and verified over the course of about one hour. If necessary, tighter tolerances could be achieved using the existing processes and procedures with additional iteration time.
With the alignments achieved above, only focus compensation of the detector plane was required. The radial and axial position of Lens 1 required no compensation to meet final system performance. Given that lesson learned, alignment goals of less than 10 microns of decenter and less than 20 microns of axial position on each lens have been set for the flight builds. CODE V tolerance analysis shows that tightening these tolerances significantly reduces the probability of requiring adjustment of the Lens 1 compensator. With the tightened tolerances and no Lens 1 compensation, the system has better than an 84% probability of meeting system performance. The Lens 1 compensator could still be adjusted if the performance fell outside of that range, however.
After completing alignment of the RRU lens assembly, the room temperature system performance was interferometrically evaluated as described in Section 3.4. The wavefront was measured over a ±10º field of view in order to predict the cryogenic temperature over the entire field of view. Selected measurements are shown in Figure 8 . These wavefronts were analyzed to ensure the overall magnitudes and aberration coefficients (sign and magnitude) match the predicted performance for a lens optimized for cryogenic operation. In addition to measuring the wavefront over the field of view, it was measured through focus where the focus position was measured with respect to the rear mounting flange of the lens assembly housing. The wavefront data over the field of view, through focus, and the focal plane locations were fed into the CODE V alignment analysis tool ("ALI"). All of this data was used to calculate the compensator motion and predict system performance. The results of the CODE V ALI routine using only focus compensation are shown in Figure 9 below. The analysis using both a focus compensator and adjustment of Lens 1 showed negligible effect of the lens motion, therefore only focus compensation was performed.
This data along with mechanical inspection results of the housing and detector assembly were used to calculate both the thickness and wedge of the shim to be installed between the housing and detector assembly, setting the cryogenic focus location. 
CONCLUSION
The AI&T process for the TESS lens assembly has been described in this paper. Results from the Risk Reduction Unit alignment show the alignment tolerances are achievable using the processes and procedures developed for the program. In practice, tolerances of about half of the specified value were often achieved. Lessons learned during the RRU build were used to tune the procedures to be used on the flight units, which are currently underway at MIT Lincoln Laboratory.
